. NMDA nociceptive neurons in trigeminal (V) subnucleus caudalis receptor involvement in neuroplastic changes induced by neonatal (medullary dorsal horn) of adult rats and 2) that NMDA capsaicin treatment in trigeminal nociceptive neurons. J. Neuro-receptor mechanisms are involved in these neuroplastic physiol. 78: 2799-2803, 1997. This study examines whether 1) changes. Preliminary data have been presented in abstract the neonatal loss of C-fiber afferents results in neuroplastic changes form (Chiang et al. 1995; Sessle et al. 1995a ).
I N T R O D U C T I O N
Evan's blue was determined spectrophotometrically (Gamse et al. 1980; Kwan et al. 1996) . We also compared RF and response Capsaicin administered to neonatal rats (CAP rats) results changes of some caudalis nociceptive neurons in CAP versus CON in destruction of up to 90% of C-fiber afferents with only a rats after 20% mustard oil was applied on their cutaneous RF. minimal effect on myelinated afferents (see Buck and Burks The methods used for animal preparation and anesthesia, stimu-1986; Fitzgerald 1983; Holzer 1991) . In adulthood, CAP lation, and neuronal recording and classification were similar to rats also show a considerable reduction in substance P and those detailed previously (Chiang et al. 1994; Hu 1990) . Briefly, somatostatin associated with C-fiber afferents, a marked re-rats were anesthetized with urethan (1 g/kg ip)/a-chloralose (50 mg/kg ip), immobilized with gallamine triethiodide, and artifiduction in nociceptive responses to noxious thermal and cially ventilated. Percentage expired CO 2 , heart rate, and rectal chemical stimuli, and impairment of neurogenic plasma extemperature were maintained at 3.5-4.5%, 330-420 beats/min, travasation evoked by cutaneous application of mustard oil, and 37.0-37.5ЊC, respectively. Single neuronal activity was rea C-fiber excitant and inflammatory irritant. The finding that corded extracellularly from histologically confirmed sites in V subexpansion of the mechanoreceptive field (RF) of both noci-nucleus caudalis. A wide range of graded mechanical stimuli and ceptive and nonnociceptive neurons occurs in CAP rats has noxious radiant heat (51-53ЊC) was used to classify units acled to suggestions that, in addition to their role in nocicep-cording to previously outlined criteria (Hu 1990 ) into wide dytion, C-fiber afferents might also be involved in shaping namic range (WDR), nociceptive-specific (NS) (see RESULTS ), or the RF properties of somatosensory neurons in the central low-threshold mechanoreceptive (LTM) neurons or primary afferents (not studied further). Mechanical stimuli included a hair brush nervous system (Kwan et al. 1996; Wall et al. 1982) . The (õ0.005 N), a blunt probe for application of low (õ0.2 N) and neurochemical mechanisms associated with these neuroplashigh (2.0-5.0 N) forces, and calibrated forceps for pinching the tic changes have received little attention. N-methyl-D-aspar-RF skin (2.0-3.0 N) . To test for possible NMDA mechanisms, tic acid (NMDA) receptor mechanisms, however, appear to two antagonists (or their vehicle, as control) were used. Either be involved in a variety of neuroplastic changes, including (/)-MK-801 (Research Biochemicals, Natick, MA), a noncomnociceptive neuronal hyperexcitability and RF expansion petitive blocker of NMDA receptor-ion channel, was administered (see Dubner and Basbaum 1994; Urban et al. 1994 ; Woolf systemically (1 mg/kg in saline, iv) or else 7-chlorokynurenic acid 1991). Therefore the aims of the present study were to test Research Biochemicals, Natick, MA) , an antagonist of the whether 1) the neonatal loss of C-fiber afferents results in strychnine-insensitive glycine-binding site on the NMDA receptor, was applied to the medullary surface overlying subnucleus caudalis neuroplastic changes in the RF properties and activity of (it, 5 mg/10 ml in dilute aqueous base). After a supplementary dose of urethan (220-250 mg/kg iv), the RF of each neuron was carefully delineated before and after antagonist or vehicle administration (Yu et al. 1993 ). This was done 5 min before drug administration, and thereafter at 5-min intervals for the first 10 min and at 10-min intervals for the subsequent 50-min observation period. Because the tactile-sensitive area of the RF of WDR neurons in CAP rats often had an unclear boundary (see RESULTS ), only the pinch-sensitive area of the RF was studied in detail. The RF areas were measured by a computer-aided device (SigmaScan, Jandel, CA). Any changes in RF area after completion of either antagonist or vehicle administration were expressed as a percentage relative to the control value (100%). significantly different between CAP (0.55 { 0.06 mg) and CON (0.63 { 0.08 mg) rats. Linear regression based on the age of individual CAP rats and their postmortem Evan's increase was statistically significant (P õ 0.0001, MannWhitney U test) for WDR neurons. Many WDR neurons blue value revealed no significant correlation (r Å 0.331, P ú 0.10). Similarly, there was no significant correlation indeed had a pinch RF that encompassed two or three V divisions without discontinuity (24 of 40 in CAP rats vs. 8 with age in the neuroplastic changes induced in nociceptive neurons, so the CAP rats were pooled into a single group of 27 in CON rats; P õ 0.05, Fisher's test) and that often encroached upon the contralateral face (8 of 40 in CAP rats for analysis of the electrophysiological data.
A total of 108 caudalis neurons were functionally identi-vs. 1 of 27 in CON rats; P õ 0.05, Fisher's test). This enlargement of the pinch RF of WDR neurons had no sigfied as nociceptive neurons in both CON and CAP rats: 67 as WDR neurons (CON, n Å 27; CAP, n Å 40), 41 as NS nificant correlation with the age of the animal ( r Å 0.05; P ú 0.70). The tactile sensitive area of the RF of WDR neurons (CON, n Å 21; CAP, n Å 20). Seventy-eight of these neurons were histologically retrieved in caudalis lami-neurons was also enlarged in CAP rats and sometimes comprised two or three discontinuous areas. However, the lack nae IV-VI and 14 neurons in laminae I-II. Nociceptive neurons (7 WDR, 3 NS) tested in CON rats with mustard of a clearly delineated RF boundary did not permit accurate quantification of tactile RF area. oil applied to their facial RF showed an immediate increase in their firing rate (peak response at 30 s: 1,169 { 699% of The incidence of spontaneous activity was comparable in CAP (37 of 40 and 14 of 20 for WDR and NS neurons, the background level) that lasted for 3-5 min. Agreeing with Yu et al. (1993) , we noted that the neuron's RF size respectively) and CON (21 of 27 and 10 of 21 for WDR and NS neurons, respectively) rats. However, the mean was also significantly increased throughout the 30-min observation period (peak expansion at 10 min; 192 { 19% of spontaneous firing rate of WDR neurons in CAP rats (12 { 4.8 spikes per 30 s) was significantly higher than that in control). In contrast, 11 of 13 nociceptive neurons (9 WDR, 4 NS) similarly tested in CAP rats showed no mustard oil-CON rats (2.4 { 1.1 spikes per 30 s; P õ 0.05, MannWhitney U test). The mean rate for NS neurons in CAP rats induced increase in spontaneous activity, and 9 of 11 neurons showed no RF expansion. These differences between (3.4 { 1.9 spikes per 30 s) was also higher than that in CON rats (2.5 { 1.1 spikes per 30 s), but this difference CON and CAP rats were statistically significant (P õ 0.001, t-test; P õ 0.05, Mann-Whitney U test).
was not significant (Fig. 1C) . The higher spontaneous firing rate of WDR neurons in CAP rats had no significant correlaThe 48 nociceptive neurons studied in CON rats had cutaneous RF properties similar to those described previously in tion with the age of the animal ( r Å 0.13; P ú 0.30).
There was no indication that the increases in RF size and the rat caudalis (Chiang et al. 1994; Hu 1990; Yu et al. 1993) . Compared with CON rats, however, CAP rats spontaneous activity were related to the location (laminae I-II or V-VI) of the neurons tested. showed a marked enlargement of RF size (Fig. 1, A and B Fig. 2A and Table 1 ). A twoway ANOVA with repeated measures demonstrated that there was a significant difference (P õ 0.002) among the three groups; a post hoc analysis revealed a significant difference between MK-801/CAP group and the other two groups. A significant interaction was found between groups and values at different times (P õ 0.02) and a post hoc analysis revealed significant differences among preinjection values and those at 10, 20, and 60 min postinjection time-points in the MK-801/CAP group (P õ 0.05, Bonferroni method) but no significant differences were found in the MK-801/ CON or SAL/CAP groups (see Fig. 2A ). MK-801 also markedly reduced the spontaneous firing rate in all nine neurons tested in CAP rats (Table 1) . A Friedman repeated measures ANOVA revealed that there were significant differences in spontaneous firing rate between the MK-801/CAP group and the other two groups (P õ 0.05). The spontaneous firing rate of nine nociceptive neurons in the MK-801/CAP group was significantly higher (P õ 0.05, Dunn method) before MK-801 administration than the firing rate 10 min after drug administration. Neither MK-801 administered to CON rats nor saline administered peaked at 5-10 min after drug application to caudalis and injection time; other symbols as defined in Fig. 1 . Two-way ANOVA with returned to initial levels by 40 min. The same dose of 7-CK repeated measures showed that the differences in the mean values between resulted in no changes to neuronal RF size of two WDR and these 3 groups were significant (F 2,23 Å 8.839, P Å 0.0014) and also showed three NS neurons tested in CON (7-CK/CON) rats. A two-significant interaction between groups and values at different times (F 14,160 Å 2.152, P Å 0.0118). A post hoc analysis revealed that the differway ANOVA with repeated measures revealed significant ence in mean values at 20 and 60 min between MK-801/CON and MKdifferences between 7-CK/CAP and 7-CK/CON groups 801/CAP groups was also significant (#, P õ 0.05, Bonferroni method).
(P õ 0.005) as well as an interaction between groups and B: effects of 7-CK on the neuronal RF size of caudalis nociceptive neurons. values at different times (P õ 0.0001). In addition, the Left: examples of nociceptive neuronal RF sizes delineated by pinch stimuli. differences between these two groups in the mean values at Filled and open areas indicate the RF before 7-CK (5 mg/10 ml) locally applied to the surface of caudalis; open area indicates the RF 10 min after postapplication times of 5, 10, and 20 min were also signifi-7-CK application. Inset: recording sites. Right: time course of the mean cant (P õ 0.05, Bonferroni method). Neuronal spontaneous RF size changes of caudalis nociceptive neurons in CON and CAP rats activity was also significantly decreased by 7-CK in CAP after 7-CK (5 mg/10 ml) local application. Two-way ANOVA with repeated rats (P õ 0.05, Dunn method; see Table 1 ).
measures showed that differences in the mean values between 7-CK/CON and 7-CK/CAP groups were significant (F 1,8 Å 18.8, P Å 0.0025); differences in the mean values at postapplication times of 5, 10, and 20 min D I S C U S S I O N between these 2 groups were also significant (#, P õ 0.05, Bonferroni method). Significant differences were also found between preapplication
The dosage of capsaicin that we used (50 mg/kg) is gen-value and values at 5, 10, and 20 min postapplication time-points in 7-CK/ erally accepted to be effective for depleting C-fiber afferents CAP group ( * P õ 0.05, Bonferroni method). at the age (36-48 h postnatal) that it was administered (see Buck and Burks 1986; Fitzgerald 1983; Holzer 1991) . We 1982) and in spinal nociceptive neurons (Wall et al. 1982) .
Our findings also provide further support to the view that verified the effectiveness of neonatal capsaicin treatment by documenting the reductions in mustard oil-induced plasma C-fiber afferents may have a role in shaping the RF properties of somatosensory neurons in the CNS (Wall et al. 1982 ). extravasation and neuronal RF and activity changes in CAP rats. We have also shown in a recent electronmicroscopic Anatomic findings that the central terminals of A-fiber afferents invade regions in the spinal dorsal horn of CAP analysis (Hu et al. 1996 ) that these rats also show ú80% depletion of C-fiber afferents. Our findings that caudalis no-rats where C-fiber afferents normally terminate (Nagy and Hunt 1983; Shortland et al. 1990 ) may explain our finding ciceptive neurons in CAP rats show neuroplastic alterations that include high spontaneous activity and RF expansion are in CAP rats that the RF enlargement of WDR neurons that received both large-and small-fiber convergent inputs is consistent with previous observations of alterations in LTM neurons ( Values are means { SE; n, number of nociceptive neurons included in the analysis. RF, mechanoreceptive field. * Significant differences between values before and after either MK-801 iv or 7-CK local application as determined by two-way repeated measures analysis of variance (ANOVA) with Bonferroni methods (P õ 0.05). † Significant differences between values before and after either MK-801 iv or 7-CK local application as determined by Friedman repeated measures ANOVA on ranks with Dunn methods (P õ 0.05).
small-fiber inputs. Hammond and Ruda (1991) have recently Hammond and Ruda 1991; Holzer 1991) . Our data suggest that NMDA receptor activation alone may not be sufficient reported that neonatal capsaicin treatment induces reductions in substance P and especially in calcitonin gene-related pep-to result in hyperalgesia and that additional factors (e.g., ongoing nociceptive afferent inputs) are likely to be required tidelike immunoreactivity and fluoride-resistant acid phosphatase activity in the rat spinal dorsal horn, and these for the development of hyperalgesia. changes are associated with decreases in mechanical, therOur findings that MK-801 administration did not affect mal, and chemical nociceptive sensitivity. The changes in nociceptive neuronal RF size in CON rats are consistent calcitonin gene-related peptidelike immunoreactivity and with previous studies (Ren et al. 1992) . The finding that fluoride-resistant acid phosphatase (but not substance P) ac-CAP rats showed a long-lasting and significantly depressive tivity originating in primary afferents gradually recover to effect of MK-801 on both RF size and spontaneous activity vehicle-treated control levels by 8-12 wk of age in associa-of nociceptive neurons appears consistent with the slow distion with the recovery of mechanical and thermal sensitivity. sociation feature of the action of this noncompetitive, ionHowever, Hammond and Ruda's (1991) finding that the channel blocker of the NMDA receptor (McDonald and No-CAP rats remain insensitive to ophthalmic noxious chemical wak 1991). Moreover, these data are supported by our addistimulation is consistent with our current data of the ineffec-tional findings that 7-CK can also significantly decrease RF tiveness of mustard oil application to facial skin in inducing size in CAP rats but not in CON rats, because 7-CK is a caudalis neuronal activity or RF changes in CAP rats. Fur-potent antagonist that blocks the glycine binding sites on the thermore, the Hammond and Ruda (1991) data of age-re-NMDA receptor (Dingledine et al. 1990 ; Johnson and Asher lated changes in early postnatal life, plus our findings of a 1987). The greater depressive effect and shorter time course lack of correlation with age for the caudalis neuroplastic of 7-CK on RF size might be explained by a more potent changes in CAP rats tested at age 8-16 wk, suggest that pharmacological action of 7-CK (Kemp et al. 1988 ) than permanent changes in RF properties induced by the depletion MK-801 or the different modes of drug delivery (it for 7-of capsaicin-sensitive C-fibers may have occurred in the CK vs. iv for MK-801). early postnatal life (õ8 wk) of our CAP rats.
The high spontaneous activity and expanded RFs of neuNeuronal RF expansion and high spontaneous activity in rons in CAP rats could be attributed to presynaptic alterations (e.g., enhancement of afferent inputs to the neurons the spinal and medullary dorsal horns have usually been attributed to the hyperexcitability of central neurons gener-and increased neurotransmitter release) or ion changes in the local environment of the neurons. They may also be ated by excessive small-fiber inputs, especially from C-fiber afferents or by various pathological conditions (see Dubner explained by postsynaptic changes (e.g., membrane depolarization that removes the Mg 2/ blockade of the NMDA recepand Basbaum 1994; Woolf 1991; Yu et al. 1993) . Our findings, however, reveal that the loss of C-fiber afferents re-tor-ion channel) or alterations in sensitivity of the NMDA receptor per se and subsequent intracellular second messensulting from neonatal capsaicin treatment can also produce RF expansion and high spontaneous activity. Thus both en-ger cascades. With respect to the possible presynaptic changes, the basal release of excitatory amino acids includhancement and depletion of C-fiber afferent inputs appear to be conditions resulting in central neuronal hyperexcitabil-ing glutamate in the dorsal horn in CAP rats has, however, been found comparable to that in normal rats (Kangrga and ity. It is also noteworthy that the increased C-fiber drive that may result from noxious stimuli, injury, and inflammation Randic 1990; Skilling and Larson 1993). Data relevant to changes in extracellular concentrations of cations (e.g., poproduces an NMDA-mediated nociceptive neuronal hyperexcitability and associated hyperalgesia (Dubner and Bas-tassium, calcium, and magnesium) in the spinal cord of CAP rats are not available. For the possible postsynaptic mechabaum 1994; Mao et al. 1995; Ren et al. 1992 Ren et al. , 1994 Woolf 1991; Yu et al. 1996) . In contrast, C-fiber depletion induces nisms, activation of the NMDA receptor produces a marked increase in intracellular Ca 2/ concentration that would facilian NMDA receptor-mediated enhancement of RF size and spontaneous activity (see RESULTS ) that is not associated tate activation of protein kinase C and, as a consequence, the phosphorylation of the NMDA receptor in turn could with hyperalgesia (Buck and Burks 1986; Fitzgerald 1983;  
